Introduction
The E2F family of transcription factors consists of 8 members that can be organized into 3 subcategories based on function and expression patterns during the cell cycle: activators (E2F1-3), canonical repressors (E2F4-6), and atypical repressors (E2F7 and E2F8). The complexity of the E2F family is further increased by differential promoter usage and splicing, resulting in multiple E2F isoforms (1) (2) (3) (4) (5) . Through sequential binding to target promoters, E2F activators and repressors are believed to choreograph the oscillatory nature of cell cycle-dependent gene expression (6) (7) (8) .
E2Fs play a critical role in the control of cellular proliferation (9-13). In fruit flies, which have a single E2F activator (dE2f1) and repressor (dE2F2), the ablation of dE2F1 is sufficient to cause cell proliferation arrest at the larval stage, leading to embryo lethality (6, 14) . In plants and mammals, which have multiple activator and repressor family members, ablation of individual E2fs has minimal impact on cell proliferation and embryonic development (15, 16) . When activator or repressor subgroups are ablated in combination, however, a spectrum of developmental abnormalities is observed, including wide-spread DNA damage and apoptosis, organ-specific atrophy, restricted organismal growth, and animal lethality (15, 16) . Why such diversity in the number and types of E2F components exists among eukaryotic species remains a matter of speculation.
Physical interaction of the tumor suppressor retinoblastoma 1 (RB1) with E2F transcription factors inhibits E2F-dependent gene expression and is believed to underlie RB1 tumor suppressor function (12, (16) (17) (18) (19) . In humans, germline mutations in RB1 lead to retinoblastoma at a young age and affected individuals have a strong susceptibility to a number of other malignancies (20) . Inactivation of the RB pathway, either through amplification of negative regulators (CDK4, CDK6, CCND1, or CCNE2), genetic or epigenetic inactivation of positive regulators (p16
INK4A
, p18 INK4c , and p27 KIP1 ), or mutations in RB1 itself, is frequently detected in cancer (21, 22) . This has led to the view that disruption of the RB/E2F pathway leading to increased E2F transcriptional activity is a universal requirement for cancer development (23, 24) . The observation that unregulated cell proliferation as a consequence of Rb1 deficiency in mice is blocked by the ablation of E2F activators suggests that E2Fs are critical downstream effectors of RB1 tumor-suppressor function (13, 25) . Consistent with these findings, deletion of the RB family or supraphysiological overexpression of E2Fs leads to hepatocellular carcinoma (HCC) in mice (26, 27 ). Yet despite extensive efforts, genetic alterations in E2F genes are only rarely found in human tumors, casting doubt on a direct role of E2Fs in cancer. One explanation for this paucity of genetic alterations in E2Fs may be related to the ability of RB1 to physically interact with over 150
Disruption of the retinoblastoma (RB) tumor suppressor pathway, either through genetic mutation of upstream regulatory components or mutation of RB1 itself, is believed to be a required event in cancer. However, genetic alterations in the RB-regulated E2F family of transcription factors are infrequent, casting doubt on a direct role for E2Fs in driving cancer. In this work, a mutation analysis of human cancer revealed subtle but impactful copy number gains in E2F1 and E2F3 in hepatocellular carcinoma (HCC). Using a series of loss-and gain-of-function alleles to dial E2F transcriptional output, we have shown that copy number gains in E2f1 or E2f3b resulted in dosage-dependent spontaneous HCC in mice without the involvement of additional organs. Conversely, germ-line loss of E2f1 or E2f3b, but not E2f3a, protected mice against HCC. Combinatorial mapping of chromatin occupancy and transcriptome profiling identified an E2F1-and E2F3B-driven transcriptional program that was associated with development and progression of HCC. These findings demonstrate a direct and cell-autonomous role for E2F activators in human cancer. Dosage-dependent copy number gains in E2f1 and E2f3 drive hepatocellular carcinoma genetic and mechanistic studies identified critical molecular differences between family members that could explain the selective and potent dosage-dependent oncogenic roles of E2F1 and E2F3B. These findings expose how the precise composition of E2F family members is required to control transcriptional specificity and output in order to foster a cancer-free life span.
Results
Copy number gains in E2F1 and E2F3 in human HCC. To explore whether altered E2F signaling may be directly related to development of human cancer, we queried The Cancer Genome Atlas (TCGA; https://tcga-data.nci.nih.gov/docs/publications/tcga/) and Catalogue of Somatic Mutations in Cancer (COSMIC; http:// cancer.sanger.ac.uk/cosmic) databases for genetic and epigenetic alterations in E2F family members. As previously noted by others, genetic alterations in E2Fs are infrequent in most solid tumor types. However, we found subtle but significant E2F1 and E2F3 copy number gains and E2F2 copy number losses in HCC (Table 1, Figure 1 , and Supplemental Figure 1 ; supplemental material available online with this article; https://doi.org/10.1172/ JCI87583DS1). As expected, there were also frequent mutations and gene copy losses in RB1 and TP53 tumor suppressors. These findings suggest that while relatively rare across most cancer types, modest genetic alterations in select E2F activators may be associated with development of HCC. A tumor-suppressive role for E2F2 was previously identified in B and T cell lymphomagenesis (29, 30) , which may reflect copy number losses observed here in HCC. We thus focused subsequent analysis on the relevance of E2F1 and E2F3 copy number gains in cancer.
Loss of E2f1 and E2f3b protects against HCC. The E2F3 gene locus encodes 2 isoforms regulated by distinct promoters, generating proteins that differ at their N termini (E2F3A and E2F3B). We initially took a loss-of-function genetic approach to determining whether E2F1 and the 2 E2F3 isoforms contribute to HCC. (28) . Thus, it is entirely possible that RB1's tumor suppression function may reside, at least in part, outside the regulation of E2F activity and within the control of one or more of its many associated proteins. To explore a possible role for E2Fs in human cancer, we queried recently generated public databases for genetic alterations in E2F family members. This analysis revealed very modest but significant (P < 0.001) increases in E2F1 and E2F3 gene dosage in tumors from advanced HCC patients ( Figure 1A ). Here, we used a series of loss-and gain-of-function alleles to modulate the levels of E2F1, E2F3A, and E2F3B expression in mice and evaluated their role in cancer. This analysis shows that copy number gains in E2f1 or E2f3b led to increased E2F output and a striking incidence of spontaneous HCC without affecting development at any stage, from fetal to adult. Hepatocyte-specific restoration of E2f1 copy number to normal levels prevented spontaneous development of HCC, suggesting a cell-autonomous role for E2F1 in driving HCC. Conversely, decreased E2F output in E2f1 -/-and E2f3b -/-mice protected against carcinogen-induced HCC. Further ) endogenous copies of E2f1 ( Figure 4 , A and B). Thus, we conclude that the total levels of E2F1 protein dictate tumor outcome regardless of the genomic location of the gene. These findings formally demonstrate that increased E2F1 gene dosage, culminating in higher E2F1 protein levels, leads to spontaneous and DEN-induced HCC in mice.
Oncogenic function of E2f1 is cell autonomous. Several factors contribute to HCC, including hepatitis B or C virus infection, heavy alcohol consumption, aflatoxin exposure, Western-style diet, obesity, and diabetes (37) . The exact mechanism of how these varied factors promote HCC is unclear, but chronic inflammation and liver damage leading to further genomic instability likely contribute to this disease (37, 38) . Kupffer cells are abundant liver-resident macrophages that have been implicated in the development of HCC by promoting inflammation, angiogenesis, and epithelial-to-mesenchymal transition (39) . E2f1 and E2f3a are expressed in proliferating tissues and are particularly high in lymphoid and myeloid lineages (4) . Therefore, we considered the possibility of a cell-nonautonomous oncogenic role for E2F1 in HCC. By taking advantage of LoxP sites flanking the 3a 1KI allele ( Figure  3A) , we assessed spontaneous HCC in aging cohorts of mice with hepatocyte-or monocyte-specific expression of Cre (40, 41) . Tumor incidence and tumor burden were increased in monocyte-ablated mice (Lys-Cre 3a 1KI/+ and Lys-Cre 3a
) to an extent similar to that seen in 3a 1KI/+ and 3a 1KI/1KI mice ( Figure 5 , A-D), indicating that E2f1 in Kupffer cells is unlikely to play a major role in HCC development. In contrast, there was a complete absence of ure 2, B and C). A detailed pathological evaluation incorporating known criteria associated with disease progression and poor prognosis (Supplemental Table 1 Figure 2B ). A reduction in tumor incidence and tumor burden was also observed in 14-month-old 1 -/-mice (Table 3 , Figure 2 , C and D; and Supplemental Figure 2 , D and E). These observations suggest that decreased dosage of specific E2Fs protect against cancer.
E2f1 and E2f3b are critical drivers of HCC. The observation that E2F1 and E2F3B have specific roles in driving cancer is interesting given our previous studies showing that E2F1, E2F3A, and E2F3B proteins are interchangeable during fetal to early adult development (32) . In these studies, knockin strategies showed that expression of E2f1 or E2f3b from the E2f3a locus (referred to hereafter as 3a 1KI and 3a
3bKI
, respectively) fostered normal fetal to adult development, suggesting redundant developmental functions for E2F activators. However, aging cohorts of knockin mice were never analyzed. Thus, we evaluated the life-long consequences of having 1 or 2 extra copies of E2f1 or E2f3b in 3a 1KI and 3a 3bKI knockin mice ( Figure 3A ). Cohorts of 18-month-old E2f +/+ and 3a -/-control mice appeared normal, and necropsies revealed only rare age-related lesions (Table 4 ). In contrast, the majority of 3a 1KI/1KI and 3a 3bKI/3bKI knockin mice developed spontaneous liver masses. Thus, despite the widespread expression of E2f1 or E2f3b from the E2f3a locus in all proliferating tissues of the mouse (32), frequent lesions were only observed in livers. We confirmed higher levels of E2F1 and E2F3B protein in livers from knockin mice than in controls ( Figure  3B and Supplemental Figure 3 ). The majority of liver masses were characterized as highly proliferative HCC in the absence of excessive apoptosis as measured by Ki-67 and caspase 3 ( 1KI/1KI mice were also more sensitive to carcinogen-induced (DEN) HCC than control mice (Figure 3F) . Interestingly, whether HCC developed spontaneously or were mapped to the mouse genome and peak summits identified using a combination of HOMER (http://homer.salk.edu/homer/) and MACS (http://liulab.dfci.harvard.edu/MACS/) algorithms. Peaks identified in MEFs were validated in a liver cancer cell line (HepG2) overexpressing each of these E2Fs (Supplemental Figure 4 , A-D). The ChIP-seq analysis exposed several expected and unexpected observations. First, we found twice as many E2F1-and E2F3B-specfic peaks as E2F3A-specific peaks (3,788, 4,705, and 2,000 peaks, respectively). While a distinct subset of chromatin locations was equally occupied by all 3 E2Fs, most chromatin locations were specifically enriched for E2F1 and E2F3B ( Figure  6B ), suggesting selectivity in the chromatin binding of E2F activators. Second, the majority of E2F1, E2F3A, and E2F3B peaks mapped near the transcriptional start site (TSS) ( Figure 6C and Supplemental Table 2 , 3, and 4), consistent with previous findings (13, 42) . Interestingly, promoter-specific peaks ( ± 2 kb from the TSS) were mostly located over canonical E2F consensus-binding sequences (TTCCCGCC; Figure 6D ), whereas peaks mapping to other gene regions contained a variety of canonical and noncanonical E2F-binding motifs (Supplemental Table 5 ). There were typically more read tags per peak in promoters occupied by E2F1 and E2F3B than in promoters occupied by E2F3A ( Figure 6E and Supplemental Figure 5A ). Third, gene ontology using Ingenuity Pathway Analysis (IPA) software revealed that E2F1-and E2F3B-bound promoters were significantly enriched for genes encoding functions related to hepatocyte proliferation and HCC (CDK-N1A, MYC, TRIB1, NFE2L2; Figure 6F and Supplemental ), just as in E2f +/+ control mice. Together, these studies suggest a cell-autonomous oncogenic role for E2f1 in hepatocytes.
ChIP-seq defines E2F1, E2F3A, and E2F3B chromatin-binding landscapes. The genetic experiments described above highlight distinct roles of E2F family members in the development of cancer. To explore the underlying mechanism for these observations, we sought to identify and compare the chromatin-binding landscapes of E2F1, E2F3A, and E2F3B by ChIP followed by nextgeneration sequencing (ChIP-seq). E2F chromatin occupancy was mapped by sequencing ChIP-DNA libraries originating from asynchronous populations of mouse embryonic fibroblasts (MEFs) overexpressing these E2Fs ( Figure 6A ). DNA-sequencing tags Liver (56%) and lung (11%) Liver (72%), lung (6%), and uterus (6%)
Malignancies include adenomas or carcinomas (liver, lung and stomach) and histiocytic sarcoma (uterus). Figure 5B and Supplemental Table 7 ). E2F3A and E2F3B share identical DNA binding, dimerization, and transactivation domains and only differ at their N termini (2) . Hence, the identification of E2F3B-specific functions in HCC was 6), even though targets were initially identified in MEFs. In contrast, promoters occupied by all 3 E2Fs were enriched for genes with functions in cell cycle control (CDC6, TOP2A, CCNE1, CDT1, CDC25A, MCMs), DNA damage and repair (CHEK1, RAD51, BRCA1, BRCA2), and cell death (XPO1, TP53, WEE1) as well as Figure 7A ), and IPA illustrated the remarkable HCC-related nature of E2F3B-specific targets ( Figure 7B ). We considered that differences in their protein stability may underlie, at least in part, the striking qualitative and quantitative differences between E2F3A and E2F3B chromatin binding. N-terminal sequences within exon 1A of E2f3a, which are absent in E2f3b, have been shown to mediate E2F3A protein degradation (43) . Thus, we compared the stability of E2F3A and E2F3B proteins following treatment of cells with cycloheximide. These timecourse experiments showed that the half-life of E2F3B was significantly longer than that of E2F3A (>3-fold; Figure 7 , C-E). While we have not ruled out additional roles for the N-termini of these 2 isoforms, our findings suggest that protein stability may be a contributing factor to the stronger and broader target-binding range of E2F3B. In short, genome-wide chromatin occupancy analysis exposed both shared and unique targets of E2Fs, with E2F1 and E2F3B binding preferentially to target promoters with functions that are highly related to development of HCC. tumors relative to 3a -/-control samples are represented as heat maps (fold change ≥ 1.5 vs. P ≤ 0.05; Figure 8 , A and B; and Supplemental Tables 8 and 9 ). Levels for most differentially expressed genes were similar between control E2f +/+ and 3a -/-samples. Upregulated mRNAs in 3a 1KI/1KI tumors constituted a larger subset than downregulated mRNAs, consistent with a role for E2F1 in transcriptional activation. There was a relatively larger subset of downregulated mRNAs in 3a 3bKI/3bKI than in 3a 1KI/1KI tumors, possibly reflecting an additional role for E2F3B in transcriptional repression as previously described (1, 2). There was also a marked change in the expression of genes related to cancer, cell cycle control, DNA repair, and metabolic processes as well as cell survival, with a notable absence of genes that induce programmed cell death (Supplemental Figure 6A and Supplemental Table 10 ). We then plotted the intersection of ChIP and mRNA profiling data sets as tag-intensity maps (Figure 8 , C-E; and Supplemental Tables 11 and 12 ). This analysis showed that 20% of dysregulated genes represent putative direct targets of E2F1 and E2F3B, but not E2F3A. The occupancy of endogenous E2F1 and E2F3 on target promoters was validated by ChIP-quantitative PCR (ChIP-qPCR) in multiple cell lines derived from human liver tumors ( Figure 8F and Supplemental Figure 6B ).
E2F1 and E2F3B target expression is associated with human HCC.
To determine the relevance of our findings to human HCC, we queried the expression of putative E2F1 and E2F3B targets in liverderived mRNA profiles from healthy individuals and patients with cirrhosis, dysplasia, early HCC, and advanced HCC (44) . This analysis revealed a significant and progressive increase in E2F1 and E2F3B target expression in patients with early and advanced HCC ( Figure  9A and Supplemental Table 13 ). Importantly, we also found a subset of genes highly expressed in patients with early stages of liver disease (cirrhosis), the majority of which were E2F3B targets (83%). We then used IPA to query the functions of putative E2F1 and E2F3B targets ( Figure 9B , Supplemental Figure 7A , and Supplemental Tables  14, 15, and 16 ). This analysis revealed a disproportionate enrichment of E2F1 and E2F3B upregulated targets involved in hepatocyte proliferation and cancer. There were also many E2F1-and E2F3B-specific targets with distinct functional roles. For example, many E2F3B-specific targets were uniquely enriched for functions contributing to liver fibrosis and cirrhosis, 2 major predisposing factors contributing to HCC development. In contrast, E2F1 targets were enriched for functions known to participate in canonical cell cycle, checkpoint control, and DNA repair pathways, which are often dysregulated in cancer cells. While the significance of this unexpected observation remains to be determined, we suggest that high E2F3B expression may sensitize livers to cirrhosis and HCC development, while E2F1 may act more directly by altering critical DNA integrity pathways and driving the accumulation of mutations.
Finally, we analyzed E2F1 and E2F3 gene copy number and mRNA expression in HCC patient samples from the TCGA database and found increased expression of E2F1/3 target genes in patients with amplification of E2F1 (P < 0.001) ( Figure 9C , Supplemental Figure 7B , and Supplemental Tables 17 and 18 ). E2F3 copy number gains were correlated to increased expression of fewer target genes. Importantly, increased E2F target gene expression was associated with decreased survival of HCC patients ( Figure 9D ). In summary, loss-and gain-of-function strategies in mice demonstrate a causative role for E2F1 and E2F3 gene copy number gains in HCC development and expose both shared and unique roles for E2F1 and E2F3B in driving distinct aspects of liver disease.
Discussion
Either through amplification of negative regulators, genetic or epigenetic inactivation of positive regulators, or mutations in RB1 itself, disruption of the RB pathway is believed to be a universal requirement for cancer development (22, 23) . However, there is a surprising paucity of genetic alterations in the main downstream transcriptional effectors of RB1, E2Fs, which has cast doubt on their direct involvement in the genesis of cancer. We identified E2F1 and E2F3 copy-number gains in human HCC patients and show in mouse models that these modest genetic alterations are sufficient to initiate HCC. Using a series of E2F alleles to finely tune E2F transcriptional output, we show that increasing output by gains in E2f1 and E2f3b gene-copy numbers leads to HCC development in mice. Remarkably, spontaneous HCC developed in the absence of additional organ-specific cancer types or any significant impact on fetal to adult development. Conversely, decreasing E2F output by E2f1-and E2f3b-specific knockout strategies prevented the development of HCC in mice treated with a liver-specific carcinogen. Mechanistic studies exposed a hepatocyte-specific role for E2F1 and E2F3B in the regulation of a core set of target genes associated with early liver disease and progression to advanced HCC. We propose that mammalian development can tolerate major changes in E2F transcriptional output, but even subtle increases in E2F activity can result in the eventual development of cancer.
Oncogenic functions of E2F1 and E2F3B
. Here, we demonstrate distinct functions for E2F1, E2F3A, and E2F3B in cancer. Tissue-specific overexpression of E2F1 to supraphysiological levels using artificial transgenes has been shown to promote cancer in a variety of organs (26) . In this report, we show that introduction of a single extra copy of E2f1 or E2f3b leads to a modest, yet physiologically relevant, increase in E2F1 and E2F3B protein and activity that is sufficient to induce spontaneous HCC in vivo (Figure 3) . Substantial sequence differences exist between E2F1 and E2F3A that could explain their distinct biological roles in cancer. However, differences between E2F3A and E2F3B functions are less clear. Given that E2F3A was replaced with E2F3B in the 3a 3bKI knockin mouse model described here, we suggest that any biological differences between these 2 isoforms must be independent of regulatory sequences (promoter, intronic, 3′ UTR) and likely due to differences in their protein function. Indeed, E2F3B's oncogenic role in vivo could be explained, at least in part, by its increased protein stability (Figure 7) . While the precise mechanism remains to be elucidated, the observation that a single extra copy of E2f1 or E2f3b resulted in cancer highlights the exquisite functional specificity among E2F family activators in maintaining appropriate transcriptional output necessary for normal liver physiology. While previous knockin studies suggested that E2f1, E2f3a, and E2f3b are interchangeable during development (32), we now describe cancer as the long-term consequence associated with changing the constellation of specific E2F family members.
Precise E2F transcriptional output is regulated by both activation and repression. Interestingly, recent work from our laboratory showed that ablation of the atypical E2F repressor, E2F8, in mice also results in HCC without affecting basic liver functions (45) . These observations, together with our current findings, suggest that transcriptional E2F1-3B-mediated activation and E2F8-mediated repression of target genes may be functionally linked. Indeed, we find that many of the E2F1 and E2F3B target genes upregulated in HCC (identified here) are also repressed by E2F8 (45) . Thus, it appears that maintenance of normal levels of E2F activity, which require both activators and repressors, is dispensable for animal development and yet is critical for preventing HCC later in life. These findings begin to explain why higher eukaryotes evolved to have such a large and complex family of E2Fs. Evidently, substantial evolutionary currency has been spent to fine-tune E2F output and help promote a cancer-free life span.
Why is the liver particularly sensitive to increased E2F transcriptional output? Why hepatocytes may be uniquely sensitive to altered levels of E2F target gene expression is a matter of speculation. High levels of cellular proliferation and a toxic cellular environment are 2 key features of developing livers that may explain this cancer susceptibility. Postnatal livers go through a rapid phase of hepatocyte proliferation immediately following birth, which quickly subsides after 3 weeks of age. The liver is also the main site for detoxification, a process that exposes hepatocytes to continuous DNA-damaging insults. ChIP-seq and expression profiling in liver tumors identified a core set of target genes coregulated by E2F1 and E2F3B that are highly enriched for DNA repair or checkpoint activities (Aurka, Ccne1, Cdk1, Cdkn1a, Chek1, Myc, Rad51, and Top2a) and key components of DNA methylation machinery (Hells and Uhrf1). Interestingly, elevated expression of many of these target genes, such as Rad51, is observed in cancer and is associated with decreased survival (46, 47) . It is unclear how overexpression of these proteins affects DNA repair and/or other processes involved in maintaining In addition to increased transcriptional output, an alternative, but not mutually exclusive, theory for the sensitivity of knockin mice to liver cancer may be related to the capacity of hepatocytes to resist a variety of genetic and/or environmental insults that induce programmed genomic integrity. But one interpretation of these observations is that increased E2F transcriptional output may alter the capacity of hepatocytes to accurately replicate and repair the genome during peak periods of proliferation in a particularly toxic environment. -/-and 3 -/-MEFs are shown as negative controls. GAPDH was used as a loading control. (B) Sequence tag-density heat map showing the distribution of tags for all E2F1, E2F3A, and E2F3B peaks. (C) Percentages of E2F1, E2F3A, and E2F3B peaks in different gene regions. Gene regions were defined by distance from TSS (TSS = 0) as follows: 5′ distal (-50 Gb to -50 kb), 5′ proximal (-50 kb to -2 kb), promoter (-2 kb to +2 kb), gene body (+2kb to end of transcript), 3′ distal (end of transcript to +30 Gb). Number of peaks is indicated above each bar. (D) Graph depicting the number of peaks for E2F1, E2F3A, and E2F3B identified by ChIP-seq and their location relative to the TSS. The promoter region ( ± 2 kb from the TSS) is highlighted in gray, and the top binding motif identified by de novo HOMER within the promoter region is included in color inserts. (E) E2F1, E2F3A, and E2F3B occupancy on selected gene promoters shown at the same scale. (F) Gene ontology using IPA software depicts the estimated contribution of E2F1, E2F3A, or E2F3B targets to liver hyperplasia and hyperproliferation (left) or HCC-related functions (right). Bars indicate the Benjamini-Hochberg adjusted P value; the threshold of P = 0.05 is shown.
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jci.org Volume 127 Number 3 March 2017 mediated deletion of the 3a 1KI knockin alleles, suggesting that extra copies of E2f1 may be dispensable for tumor growth (Supplemental Figure 8) . The mechanism of tumor initiation may involve alterations in checkpoint and DNA repair activities specific to the physiology of the liver as discussed above. While not necessary for continued growth, we cannot rule out a role for oncogenic E2F1 in progression to a more malignant phenotype and a poorer outcome.
The genomic landscape of HCC differs from that of most other cancer types since it is void of dominant driving genetic alterations (50) . Whole genome analyses of HCC revealed a large number of "heterogeneous" mutations, each contributing a small portion of the entire patient cohort studied. Consistent with this view, we show that not all HCC patients suffer E2F1 and/or E2F3 copy number gains ( Figure 1 and Figure 9C ), but surprisingly, virtually all tumor samples analyzed exhibit increased expression of E2F1/E2F3B target genes. We propose that dysregulation of the E2F program is sufficient to drive HCC development in mice and is likely a downstream and necessary consequence of most if not all genetic alterations associated with HCC development.
Methods
Supplemental Methods are available online with this article; https://doi.org/10.1172/ JCI87583DS1.
Mouse care and models. Mice were housed under normal conditions. E2f1
, Lys-Cre, and Alb-Cre mouse lines were described previously (31, 32, 40, 41 (33, 51) . Histology and diagnosis of HCC. Formalin-fixed mouse tissues were processed and stained for H&E using standard protocols. Histopathological analysis was used to determine HCC by pathologists based on cellular morphology (34) . Additional analysis was conducted on a subset of samples in which tumor volume, burden, necrosis, and vascular invasion were scored as described in Supplemental Table 1 . For immunohistochemistry against Ki-67 (Abcam, 16667) and caspase 3 (Cell Signaling, 9662), slides were stained using a Bond Rx autostainer (Leica) per the manufacturer's instructions. cell death. Overexpression of E2F1, either through the artificial introduction of E2F1-overexpressing transgenes or through loss of Rb and/ or E2f7-8 repressors, has been shown to engage p53-dependent and -independent apoptotic programs (8, 25, 26, 48, 49) . However, we show here that livers of 3a 1KI/1KI or 3a 3bKI/3bKI mice are particularly resistant to apoptosis despite increased ectopic expression of E2F activators. Thus, we speculate that, relative to other organs in the mouse, the liver is predisposed to HCC development due to the inability of hepatocytes to engage an apoptotic response while remaining fully capable of engaging proliferative gene expression programs.
Hepatocyte-specific ablation of the extra copies of E2f1 (3a
1KI
) during early development using the Alb-Cre system suggested a cell-autonomous oncogenic role for E2F1 in the initiation of HCC ( Figure 5 ). Whether E2F1 and E2F3 have a role beyond the initiation of HCC remains to be determined. Some insights can be gained from a pilot study using an inducible Cre system (Mx1-Cre) where the oncogenic 3a 1KI alleles can be deleted in adult mice after tumor formation (Supplemental Figure 8) . In this study, magnetic resonance imaging of established liver tumors in live mice showed that tumor volume continued to increase following the Mx1-Cre- Ghoshal (The Ohio State University). MEFs, SNU-449, PLC/PRF5, HepG2, Huh7, and SK-Hep-1 cells were cultured in DMEM with 10% FBS. E2Fs were overexpressed in MEFs and HepG2 cells after transduction with the retroviral vector pBABE-Hygro (pBH, Addgene) containing the sequence for murine E2f1, E2f3a, or E2f3b. ChIP-seq and ChIP-qPCR. For all ChIPs, proliferating cells were fixed with 1% formaldehyde. Nuclear lysates were sonicated and incubated with 10 μg α-E2F1 (Santa Cruz Biotechnology Inc., c20), α-E2F3 (Santa Cruz Biotechnology Inc., C18), or normal rabbit IgG (Santa Cruz Biotechnology Inc.) overnight. Antibody-protein-DNA complexes were recovered using protein G agarose beads (Millipore), and then decrosslinked.
Immunoblotting. Immunoblots were utilized to verify expression of the proteins as described (52) . Whole-cell protein lysates were collected at the indicated time points after treatment, separated by SDS-PAGE, and transferred to PVDF membranes. Blots were probed with α-E2F1 (Santa Cruz Biotechnology Inc., C-20), α-E2F3 (Santa Cruz Biotechnology Inc., C-18), α-MYC (Santa Cruz Biotechnology Inc., 9E10), α-tubulin (Santa Cruz Biotechnology Inc., B-7), α-actin (Santa Cruz Biotechnology Inc., I-19), or α-GAPDH (Santa Cruz Biotechnology Inc., FL-335).
Cell culture. MEFs were isolated from day-13.5 embryos and immortalized using the 3T3 method (53) . SNU-449, PLC/PRF5, HepG2, Huh7, and SK-Hep-1 cells were a obtained from Kalpana with The Ohio State University Center for Biostatistics using JMP (SAS Institute) software. Values were found to be significant at P ≤ 0.05.
Individual P values and tests used are described in the figure legends. Briefly, 2-tailed Student's t tests were used for comparisons between 2 groups. When more than 2 groups were compared, Wilcoxon tests with Bonferroni's correction for multiple tests were used. Fisher's exact tests with Bonferroni's correction for multiple tests were used to analyze categorical data. For gene ontology analysis, Benjamini-Hochberg adjusted P value was calculated by the IPA software. Significance for ChIP-seq and microarray data was calculated by the analysis software as explained above. Significant changes in gene expression between control and diseased human liver samples were determined by Wilcoxon method with Benjamini-Hochberg correction. Wilcoxon rank sum tests were used to test changes in expression of individual genes due to E2F1 or E2F3 copy number changes.
To determine whether E2F1/3B targets as a group were increased due to copy number variations, the rank sums of expression values for the targets were calculated for E2F1 or E2F3 copy gained patients and compared with 1,000 sets of randomly sampled genes with the same size. Significance was determined using the tail probability value after comparing these 2 groups. For Kaplan-Meier plots, log-rank tests were used to determine significant changes in patient survival. For box plots, the boxes represent the first and third quartiles and the whiskers represent the highest and lowest values. The center lines are the medians, and outliers are represented with gray dots. Study approval. Mouse protocols were approved by the institutional review boards at The Ohio State University. All human data was derived from publicly available data sets therefore no additional consent is needed.
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